database identified four clones that contain sequences of previously uncharacterized genes, members of the ATP-binding cassette (ABC) superfamily. Two new ABC genes (EST20237, 31252) are located at Chromosome (Chr) lq42 and lq25 respectively in humans, as determined by FISH; at locations distinct from previously mapped genes of this superfamily. Two additional clones, EST 600 and EST 1596, were found to represent different ATP-binding domains of the same gene, ABC2. This gene was localized to 9q34 in humans by FISH and to the proximal region of Chr 2 in mice by linkage analysis. All genes display extensive diversity in sequence and expression pattern. We present several approaches to characterizing EST clones and demonstrate that the analysis of EST clones from different tissues is a powerful approach to identify new members of important gene families. Some drawbacks of using EST databases, including chimerism of cDNA clones, are discussed.
Introduction
The ATP-binding cassette (ABC) superfamily is one of the largest gene families and encodes a functionally diverse group of proteins principally involved in the transport of molecules across membranes. To date at least 25 ABC genes have been identified in E. coli alone (Ames and Lecar 1992) . These genes are involved in the transport of sugars, amino acids, ions, peptides, and proteins (Higgins 1992) . In humans only 10 members of the family have been described. These include a number of genes involved in diseases, that is, cystic fibrosis transmembrane conductance regulator (CFTR; Riordan et al. 1989) , adrenoleukodystrophy gene (ALD; Mosser 1993) , and/or other important biological processes, such as P-glycoproteins (PGY1, PGY3; Gros et al. 1986 ) and antigen peptide transporters (TAP1, TAP2; Spies et al. 1990 ). In humans, ABC genes typically encode four domains consisting of two ATPbinding segments and two transmembrane segments (Higgins 1992) . The ABC transporter proteins share significant structural homology within the ATP-binding domains and can be clearly distinguished from other ATP-binding proteins such as kinases (Higgins 1992) . The fact that prokaryotes contain a large number of ABC genes suggests that many mammalian members of the superfamily remain uncharacterized. As an approach to characterize all human genes, several laboratories have begun sequencing portions of cDNA clones from different tissues (Adams et al. 1993;  Correspondence to: M. Dean Takeda et al. 1993) . Such expressed sequence tags (ESTs) are useful for identifying new genes, as tools for genetic mapping, and for the analysis of gene expression (Grausz and Auffray 1993) . We have begun to explore the usefulness of using ESTs to characterize a large gene family structurally and, ultimately, functionally.
Materials and methods
Sequence analysis. Searches of the dbEST (Boguski et al. 1993 ) database were performed with BLAST on the NCBI file service (Altschul et al. 1990 ). Amino acid alignments were generated with PILEUP (Feng and Doolittle 1987) . Sequences were read with an IBI Gel Reader and analyzed with the Genetics Computer Group package of programs (Devereaux et al. 1984 ) running on a VAX computer. The sequences have been deposited with GENBANK under accession #U18235-7.
Polymerase chain reactions. Primers to EST sequences were designed with the PRIMER program (Lincoln et al. 1991) . Reactions were performed in 1• PCR buffer (Boehringer Mannheim). Samples were heated to 96~ for 5 rain, amplified for 35-40 cycles of 96~ 30 s; 56~ 30 s; 72~ 1 rain. PCR products were analyzed on 1.5-2% agarose gels after digestion with appropriate restriction enzymes to verify their sequence, if needed.
Northern hybridization. DNA fragments used as probes were purified on a 1% low-melting temperature agarose gel. DNA was labeled directly in agarose with the Random Primed DNA Labeling Kit (Boehringer Mannhelm) and hybridized to MTN blots (Clontech), according to the manufacturer's instructions. Each blot contains 2 ~tg of poly A+ RNA from various human tissues.
Interspecific mouse backcross mapping. Interspecific backcross progeny were generated by mating (C57BL/6J • M. spretus) Fa females and C57BL/6J males as described (Copeland and Jenkins 1991) . A total of 205 N 2 mice were used to map the D2HOS1474E (Abc2) locus (see text for details). DNA isolation, restriction enzyme digestion, agarose gel electrophoresis, Southern blot transfer, and hybridization were performed essentially as described (Franco del Amo et al. 1993) . All blots were prepared with Hybond-N+ nylon membrane (Amersham). The probe, a 1.2 kb EcoRI fragment of human cDNA, was labeled with [c~32P] dCTP and a random primed labeling kit (Stratagene); washing was done to a final stringency of 1.0 • SSCP, 0.1% SDS, 65~ Fragments of 3.7 and 1.1 kb were detected in SacI-digested C57BL/6J DNA, and fragments of 4.9 and 1.1 kb were detected in SacI-digested M. spretus DNA. The presence or absence of the 4.9-kb M. spretus-specific SaeI fragment was followed in backcross mice.
A description of the probes and RFLPs for the loci linked to D2HOSI474E including vimentin (Vim), notch 1 (Notehl), and Abelson leukemia oncogene (Abl) has been reported previously (Green 1981) . Recombination distances were calculated as described (Jenkins et al. 1982) with the computer program SPRETUS MADNESS. Gene order was determined by minimizing the number of recombinant events required to explain the allele distribution patterns.
Results
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Identification of ABC sequences. Potential ABC genes were identified by searching the dbEST database (Boguski et al. 1993 ) with one of the ATP-binding domains of the multidrug resistance (MDR) gene PGY1. The BLAST program (Altshul et at. 1990) was used to search all six reading frames of each EST. Human clones that displayed matches with P values <1.0 were retrieved and examined for homology to other ABC genes. Table 1 displays the resulting clones and their alignment score to the MDR sequence as well as the highest score to a known ABC gene. Four unique sequences were identified that are not identical to any known mammalian ABC gene.
Mapping of human ESTs. The EST 20237 cDNA clone served as a probe to isolate a corresponding genomic locus. The sequence of a portion of the genomic clone was used to design PCR primers for mapping of this gene on a somatic cell hybrid panel. The correctly sized product was amplified from a hybrid containing human Chr 1 only. No other hybrid amplified a product except the Chr 17 hybrid, which displayed a larger (800 bp) product (data not shown). Hybrid mapping data were confirmed by FISH, placing this putative ABC gene on lq42. Northern blot analysis of the cDNA detected a 4.5-kb transcript expressed in all examined tissues (Fig. IA) .
The clone corresponding to EST 31252 hybridized to a 6.0-kb mRNA expressed in lung and placenta (Fig. 1B) . Additional sequencing of this clone revealed that it represents an incompletely spliced transcript. The 5" end of the clone contains a portion of an Alu repeat with a poly-A tract. The cDNA appears to have been primed from the poly-A sequence, and the domain with homology to ABC genes is bounded by consensus splice signals. In addition, this clone contains an exon of nicein, a previously characterized gene (Vailly et al. 1994) . The sequences homologous to the ABC genes appear to be located within an intron of nicein (data not shown). Further analysis of these sequences is needed to determine whether these are overlapping genes or whether the ABC portion represents a pseudogene. Zoo blot analysis, with only the 400-bp ABC-homologous part of the EST clone as a probe, showed conservation of this sequence from human to yeast DNA (data not shown). Analysis of somatic cell hybrids assigned this clone to Chr 1; this was confirmed by FISH, mapping this gene to lq25 (Table 1).
The cDNAs corresponding to the two brain EST clones (600, 1596) were obtained from the ATCC. Clone 1596 was used for in situ hybridization and displayed signals to both 6p21.1 and 9q34. PCR primers from the ABC domain (5' end) amplified only a hybrid cell line containing Chr 9, whereas a pair of primers from the 3' end of the cDNA amplified sequence from Chr 6. Most likely this clone is chimeric and the ABC gene resides on Chr 9. Cloning a cosmid contig from the genomic locus containing this gene on human Chr 9 confirmed this (data not shown). Fig. 1 . Expression of EST clones in human tissues. Inserts from the EST clones were isolated and hybridized to blots containing RNA from heart (1), brain (2), placenta (3), lung (4), liver (5), muscle (6), kidney (7), and pancreas (8). (A) EST20237; (B) EST31252.
The mouse chromosomal location of EST 600 was determined by interspecific backcross analysis. This mapping panel has been typed for over 1500 loci that are well distributed (Copeland and Jenkins 1991) . Parent DNAs were digested with several enzymes and analyzed by Southern blot hybridization for informative restriction fragment length polymorphisms (RFLPs) by use of a human cDNA probe. The 4.9-kb M. spretus SacI RFLP (see Methods) was used to follow the segregation of the locus in backcross mice. The mapping results indicated that the homolog of EST 600 is located in the proximal region of mouse Chr 2 linked to Vim, Notchl, and Abl. The gene has been designated D2HOS1474E. Although 74 mice were analyzed for every marker (Fig. 2) , up to 156 mice were typed for some pairs of markers. Each locus was analyzed in pairwise combinations for recombination frequencies from the additional data. The ratios of the total number of mice exhibiting recombinant chromosomes to the total number of mice analyzed for each pair of loci and the most likely gene order are: No recombinants were detected between Notch1 and D2HOS1474E in 79 animals typed in common, suggesting that the two loci are within 3.7 cM of each other (upper 95% confidence limit).
We have compared our interspecific map of Chr 2 with a composite mouse linkage map that reports the location of many uncloned mouse mutations (compiled by M.T. Davisson, T.H. Roderick, A.L. Hillyard, and D.P. Doolittle and provided from GBASE, a computerized database maintained at The Jackson Laboratory, Bar Harbor, Maine). D2HOS1474E mapped in a region of the composite map that lacks mouse mutations with a phenotype that might be expected for an alteration in this locus (data not shown). However, in the absence of mouse developmental expression studies, it is difficult to predict what kind of mutation to expect. The proximal region of mouse Chr 2 shares a region of homology with human Chrs 9 and 10 (Fig. 2) . The placement of D2HOS1474E on human Chr 9q34 confirms and extends this association between mouse Chr 2 and human Chr 9q. While this work was in progress, the mapping of two new ABC genes was reported by Luciani and coworkers (1994) . It was demonstrated that ESTs 600 and 1596 were derived from the same gene, named ABC2. Our data are in agreement with these observations, placing, in addition, the ABC2 gene on mouse linkage map. Both brain-derived ESTs (600 and 1596) were chimeric, the first containing additional sequences from Chr 10, and the second from Chr 6. Frequent chimerism of cDNA clones significantly complicates correct mapping of human EST clones and, respectively, genes in the human genome.
Sequence diversity.
In order to analyze the extent of evolutionary relatedness between the EST sequences and known ABC genes, a phylogeuetic comparison was performed. The amino acid sequences were aligned with PILEUP and trimmed to a common overlapping region. The results (Fig. 3) show that the EST sequences contain most of the conserved residues as the known members of the gene family, but are considerably diverged from the known genes. The complete sequence of the ABC domains of the genes will be needed to perform a more detailed phylogenetic analysis.
Discussion
We have identified several ESTs that represent previously uncharacterized members of the ABC gene superfamily in the human genome. Many ABC genes contain multiple ATP-binding subunits; therefore, some ESTs may derive from the same gene, as .............................................................................. shown in the case of two clones, originated from a brain cDNA library. Otherwise each examined sequence maps to a different chromosome and detects an RNA transcript with a unique size and tissue distribution. Despite the large number of sequences examined, none of them corresponds to any of the known ABC genes. Thus, the total number of human ABC genes may be as high as 20-40. Given the large number and diverse function of prokaryotic ABC genes, this is not surprising.
We did, however, encounter several difficulties in using EST clones. Because the sequences are short and multiple clones are present from the same gene, there is considerable redundancy in the database. The transmembrane portions of ABC genes are not conserved among gene family members. Therefore, many additional members of the gene family have probably gone undetected. The BLAST algorithm (Altschul et al. 1990 ) is very sensitive to identify homologous genes. Several ESTs displayed matches that were below statistical significance to MDR. When these ESTs were compared with other ABC genes, or when the open reading frame was changed to remove putative frame shifts, many of these marginal matches appeared to represent ABC family members. We also encountered numerous clones that are incompletely spliced or chimeric. These clones can confound sequence analysis, expression, and mapping studies. In addition, we found that many of the ESTs from the Clontech CCRF-CEM library (Cat# HL1063g) represent sequences of bacterial origin (R. Allikmets, M. Dean, F. Lorenzo, C. Auffray, manuscript in preparation).
From our data it is clear that the analysis of ESTs is a powerful method to identify new genes. Each of these clones can now be used to generate additional sequence data and perform studies of gene expression. Preliminary data with the EST20237 suggests that this gene is highly overexpressed in certain myeloid tumor cell lines (data not shown). Further analysis of the expression of these genes in normal, mutant, and tumor cell lines may reveal clues as to their function.
